Abstract
Introduction and Background
MLSE is a well-known technique [1] for optimal detection in transmission systems affected by intersymbol interference (ISI) and intra-channel deterministic non-linearity. In the context of optical systems, MLSE could therefore be useful to demodulate signals affected by fiber chromatic dispersion (CD) and polarization mode dispersion (PMD), and corrupted by intra-channel non-linear effects.
MLSE requires the signal be sampled and digitized. Until about the year 2000, fast-enough analog-todigital converters (ADCs) were not available and therefore the use of MLSE was not considered as an option prior to that date.
Starting 2002-2003, with fast ADCs then in view, a number of theoretical papers were published and, in 2004, a first commercial 4-state 10Gb/s MLSE processor was announced by CoreOptics [2] . Many more theoretical and experimental papers followed in the ensuing years. The current commercial stateof-the-art MLSE Rx is a 10Gb/s unit with 16 states. It was recently announced at OFC 2008, again by CoreOptics. A new actor has also appeared on the market (ClariPhy) announcing an 8-state device. This paper will try to summarize the current understanding of MLSE and address the latest developments. A comprehensive bibliography of prior landmark publications can be found in [3] .
Since 2004, experiments have relied on the availability of the commercial devices but there have also been off-line experiments. An off-line experiment is one where the receiver (Rx) analog front-end is fully implemented in hardware. The signal is then sampled using a real-time oscilloscope that records a long string of received data samples. Such samples can then be postprocessed off-line, using the MLSE algorithm. Thanks to off-line experiments, much larger MLSE processors than commercially available have been studied, for instance to probe the ultimate capability of MLSE to deal with specific impairments (see for instance [4] - [5] ). Also, researchers have been able to investigate multi-input configurations ( [6] - [8] ) for which no hardware prototype exists yet.
The vast scientific production on MLSE of the last five years has shown that MLSE is indeed capable of effectively detecting signals corrupted by all typical fiber propagation impairments, albeit with residual penalties. The nature of such residual penalties has been mostly understood and will be discussed in the following. It has also been shown that MLSE can be used with all currently exploited optical modulation formats, including IMDD/OOK, PSBT/duobinary, DPSK, DQPSK and variations thereof.
The shortcomings of MLSE have also been clearly pinpointed. Firstly, its complexity is exponential vs. the channel "memory", i.e., vs. the number of bits (or symbols) affecting any given bit (or symbol) through their ISI. This is a major hurdle to the use of MLSE in systems impaired by large memory like, for instance, long uncompensated links. At 10.7Gb/s, over standard single-mode fiber (SMF), the needed number of states with IMDD/NRZ and SONET-like pulses is about N=2 (L/65) [20] . A Rx with an on-board MLSE processor is therefore much more robust in an allround way than a conventional one.
In addition, an interesting series of investigations have been made into the on-purpose use of ultranarrow electrical or optical signal filtering with MLSE, to improve electrical and optical bandwidth efficiency [18] - [20] and/or decrease CD impact [4] . The results were intriguing and further research can be expected to follow up on these ideas.
Recent studies have shown MLSE to be quite effective in increasing the dispersion map tolerance of conventional dispersion-managed systems [10] . In this context, MLSE seems surprisingly to increase the system robustness to inter-channel non-linearity as well. Since MLSE cannot do this directly, the mitigation occurs in an indirect way, which will be later commented on.
As mentioned, circa 2003-2004, MLSE created major excitement in the community. This excitement seemed to later somewhat subside, essentially because MLSE was overshadowed by the momentous emergence of coherent and OFDM systems. However, interest in MLSE is currently rekindling, following the recognition that MLSE systems have a different, yet significant, market target from coherent or OFDM systems. Also, the appearance of second-generation MLSE-Rx's has proved the upscaling is possible.
It now appears that MLSE should mostly be thought of as a key component in 10Gb/s systems up to 500-700, aiming at cost-reduction and increased robustness. Another emerging scenario for MLSE is that of 40 Gb/s dispersion-managed long-haul systems (1500-2000) km, where MLSE may increase dispersion map tolerance and overall system robustness. However, the 40Gb/s scenario is hindered by the required speed of the ADCs. Current 10Gb/s MLSE implementations use 2 samples per bit, so 20Gs/b ADCs are employed. In order to scale it up to 40Gb/s, 80Gs/b ADCs would be needed. This is outside of the reach of present technology. To lower the requirements on ADCs, it is in principle possible to either use multilevel formats (such as DQPSK) and/or to lower the sampling rate to fewer than 2 samples per bit. How low the sampling rate can practically go, it is an open question, which is being actively researched. In theory, even one sample per bit should be possible. However, non-negligible penalties and other problems in conjunction with digital clock recovery may arise [21] . Sampling rates between 1 and 2 samples/bit (or symbol) might be the solution. As a whole, the 40 Gb/s target seems not to rule out the use of MLSE, though difficulties are undeniable.
Instead, for now, the 100 Gb/s system target seems to be outside of the scope of MLSE and firmly within the realm of coherent or OFDM systems
In the following, certain specific aspects of MLSE will be reviewed in more depth. In Section 2, asymptotic performance limitations with NRZ/IMDD vs. CD will be addressed, assuming the processor can be made as large as needed. In Section 3, some recent results addressing MLSE together with PSBT/duobinary, DPSK and DQPSK will be shown. In Section 4, results regarding PMD and the residual penalty incurred by MLSE vs. DGD will be discussed. In Section 5, high-power experiments will be briefly described, showing MLSE to be capable of combating intra-channel non-linear effects. In Section 6, results on the use of MLSE in conjunction with optical dispersion management will be commented on. Conclusions will follow.
It should be mentioned that important theoretical work has been done regarding the impact of ADC quantization and signal clipping on MLSE, and on the optimization of the branch metrics used by the processor. Such aspects have been mostly clarified and settled, and will not be dealt with here. See [3] and [11] for some relevant bibliography.
It should also be mentioned that MLSE is always used in systems with FECs. Possible interactions between the MLSE processor and FEC decoding have been so far typically overlooked. A recent interesting OFC 2008 paper has shown that the first-generation 4-state commercial MLSE device may substantially degrade the performance of standard FECs [12] . The authors could not pinpoint the exact cause, so they could not ascertain whether the problem was related to that specific implementation or to the MLSE algorithm in general. Therefore, it appears that the topic of MLSE and FECs should be studied in depth in the future, for its potential detrimental impact on performance.
Section 2: asymptotic penalty in large CD
From studies of FFE and DFE equalizers, researchers have long known that such devices can mitigate CD, but penalty would eventually shoot up, irrespective of how many taps are used in the equalizers. A similar question was initially tackled for MLSE in [13] through simulation and subsequently dealt with in [14] - [15] using channel information-rate appraisal. Further simulative investigation was presented in [10] .
The bottom-line of such studies is that MLSE is capable of dealing with any amount of CD, the
Vol. 2 -32
limitation being only in the number of states that can be built into the processor. However, even if all the needed processor states were provided, there would still remain a residual "asymptotic" penalty for large CD, w.r.t. back-to-back (btb). By careful Tx and Rx electrical filter optimization it can be reduced to about 2 dB [10] , [14] . Note that 2dB is the penalty w.r.t. the MLSE Rx operating in btb, whereas the penalty vs. a similar non-MLSE Rx in btb can be as low as 0.5-1 dB.
The origin of the asymptotic penalty is intrinsic in the fact that the received signal "fills up" the received eye, which becomes completely closed. A clever analysis of the resulting noise statistical distribution [16] showed that such a situation is fundamentally less favourable than the customary two-level undistorted eye of btb.
Section 3: MLSE with duobinary, DPSK, DQPSK
MLSE has proved quite effective with various formats other than IMDD. One of the first studied and best performing formats is PSBT/duobinary. Already quite tolerant to dispersion per se, even a limited-size (32-state) processor can extend the PSBT CD tolerance to 550km of SMF [7] , at 10Gb/s. If optical filtering is used to shape the duobinary signal, about 650km are reached. This is quite an impressive result, as 32-state processors are likely to be available in the near future. Note that real-time experimental results using a 4-state MLSE unit showed disappointing results with duobinary [17] . Those results are not in contrast with [7] , as duobinary requires a greater number of MLSE states to start showing its remarkable performance.
DPSK performance with MLSE was initially found to be IMDD-like, if not worse. In [6] , however, the outputs of the two DPSK-Rx photo-detectors, instead of being subtracted to obtain balanced detection, were fed separately to a single MLSE processor that combined them properly in the calculation of the branch metrics. This resulted in substantial improvement. Exploiting this concept, in [6] it was shown that DPSK could reach 400 to 450 km with 32 states (at 10Gb/s). [6] also proposed that the in-phase and quadrature components of DQPSK be fed to a single MLSE processor ("joint MLSE"). [7] - [8] showed that a "joint MLSE" DQPSK Rx at 10Gb/s could exceed 800km with only 64 states.
DPSK performance with MLSE was also improved using MZI delay optimization [18] . An interesting investigation would perhaps entail a combination of MZI optimization and the use of the dual-input MLSE concept of [6] . Another interesting idea relies on the joint use of MSK modulation and MLSE [9] .
Section 4: MLSE with PMD
The effectiveness of MLSE with PMD was the subject of very early studies. Initial results were quite disappointing. Even though MLSE can enhance the IMDD/NRZ DGD tolerance by about 50% (at 3dB penalty, [24] ), this is a relatively modest result. Further studies soon showed that the DGD penalty did not quite keep rising but, as in the case of CD, it would reach a plateau and stabilize there. Only DGD levels large enough to exhaust the processor memory would cause the penalty to rise further. Unfortunately, such penalty plateau is about 5.5dB higher than btb, for an equal power split between principal polarization states. So, on one hand, it was good news that MLSE could deal with any realistic amount of DGD. On the other hand, 5.5dB of peak penalty would be hard to accommodate within any high-performance system budget. A similar penalty (5dB) was also found in realistic experimental conditions [22] .
The reason for this plateau is intrinsic. It can be shown that, for an equal power split, the IMDD/NRZ signal develops a three-level eye-diagram after photo-detection. Such three-level signal is correctly mapped by the MLSE processor onto a proper trellis, but straightforward analytical calculations of the minimum distance among the possible paths along the trellis predict almost exactly 5.5dB of penalty w.r.t. the minimum distance found in btb [30] . The penalty is therefore fundamental: the signal is distorted by DGD in such a way that the minimum sequence distance is decreased.
Recent proposals have tried to overcome this penalty by recovering some extra polarization information. For instance, Rx's equipped with a front-end polarizing beam splitter and separate photodiodes, plus possibly other hardware, have been proposed, showing improved performance. Recently, one such RX where the PBS is followed by two DQPSK-like Rx's, whose outputs are properly combined within an MLSE processor, has been shown to operate with zero-penalty, irrespective of the DGD value [23] . The reason why such MLSE-Rx works so well is because it implements in a clever way a four-field-component detector, similar to a coherent dual-polarization Rx, but based on interferometers to incoherently detect the phase-polarization quadratures.
The problem of finding a simpler structure yet capable of mitigating the 5.5dB intrinsic peak penalty of single-photodiode detection is still an open one. Incidentally, the same penalty is also observed if the modulation format is duobinary, rather than IMDD/NRZ, as it can be shown [30] that the same minimum-distance reduction in the photodetected signal occurs as for IMDD/NRZ.
Section 5: High-Power Experiments
To test the theoretically predicted ability of MLSE to compensate for deterministic intra-channel non- The bottom line of these investigations is that MLSE is no doubt capable of correcting for very large amounts of intra-channel non-linear distortion. Some limitations may stem from the interaction of signal with noise, since in that case the distortion would no longer be deterministic.
Limitations can also come from the combined effect of intra-channel non-linearity and CD. Especially in uncompensated links, the large chirp generated by intra-channel non-linearity at high power widens the signal spectrum, which then suffers a greater impact from CD. The final result is an increase in non-linear ISI memory, which can quickly exhaust the MLSE processor memory as the Tx power goes up, causing large system penalties. Avoiding extremes, at reasonable Tx powers, MLSE is quite effective in combating intra-channel effects, a strong point for the use of MLSE processors to increase overall system robustness.
Section 6: MLSE and Dispersion Management
A recent simulative study [10] has shown that the use of an MLSE Rx can be very beneficial in increasing the dispersion map tolerance of an otherwise conventional WDM IMDD/NRZ system. The study was conducted over 15 spans using SMF and DCUs at each span. The span budget was made large (35-38 dB) on purpose, to require large launch-power and excite non-linearity. A precompensation of -300 ps/nm was applied. Without MLSE, a target performance of 2100 km at BER= 10 -3 was reached with 7.5 dBm per-channel launched-power, with a dispersion map tolerance of ±50 ps/nm over the in-line residue and 250 ps/nm over the total residue. Instead, with a 32-state MLSE Rx, tolerance was ±150 ps/nm over the inline residue and 1400 ps/nm over the total residue. In this study, very substantial XPM was excited. As mentioned earlier, XPM cannot be directly compensated for by MLSE. An experimental study of multi-span compensated systems with MLSE confirmed this aspect [27] . On the other hand, the presence of MLSE allows the single-channels to operate with dispersion maps that would be inaccessible using non-MLSE Rx's. Such dispersion maps can be beneficial in reducing XPM, as it was shown in a MLSE-unrelated XPM-focused study [28] . They are made accessible using MLSE and therefore, indirectly, MLSE can help to mitigate the impact of XPM as well, albeit to a limited extent. This aspect was not apparent in the experiment [27] as the dispersion map was fixed.
Conclusions
MLSE is proving a useful technology to improve the robustness and performance of 10 and, in prospect, 40Gb/s. in a variety of system configurations. Its flexibility is one of its best features. Progress in processor size and cost reduction would make it a powerful option for many system designers. This work was supported by the European Union within the BONE-project ("Building the Future Optical Network in Europe"), a Network of Excellence funded by the European Commission through the 7th ICT-Framework Programme
